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COMPUTATION OF VELOCITY AND PRESSURE VARIATION ACROSS AXISYMMETRIC THICK|TURBULENT STERN FLOWS

By

Thomas T. Huang and Ming-Shun Chang
David W. Taylor Nsval Ship Research and Development Center
Bethesda, Maryland 20084

Abstract

When the curvature of a ships surface is
large and the stern boundary layer is thick the
cross-stream inviscid velocity and pressure
variation becomes important in stern boundary
layer computations. The second momentum
equation is of the form

B .o
3 Kpu

where » is the curvature of the stern flow, which
is different from the surface curvature of the body,
u is the velocity along a streamline, p is the
pressure, and p is the mass density of the fluid.
Two viscous-inviscid interaction computation proce-
dures are presented. One uses a marcuing technique
in a natural streamline coordinate system together
with the k-t. turbulence model to solve the axi-
symmetric Reynolds-averaged parabollized
Navier-Stokes equations for the streamline velo-
city u, flow angle a, curvature x, and hence the
pressure p. The numerlical procedure starts at a
statlon on the body where the boundary layer is
thin and marches downstream Into the wake. The
houndary conditlons for the values of u and p

over the Inlet plane and alonz a cylindrical

stream surface outslde the boundary layer/wake

are set by the appropriate values obtained from

the other simple viscous-inviscid interaction
computat fons using a modified thin boundary layer
method and potential flow calculations about an
equivalent displacement body. Comparisons are

made between the numerical results and the
eéxperimental data for four different sterns.
Comparlsons of measured axial and radlal velocity
and pressure distributions and those computed by
the simple Interactlon approximations and partially
parabolized techalques have been made. The simple
and efficlent viscous-inviscld procedure for the
computation of veloclity and pressure vari{ations
across thick turbulent stern flows has been shown
ta he accurate enouph to use as a preliminary

desivn tool,

I. Introduction

Manv propellers and appendages are located
inside of ship stern boundary lavers. Therefore,
it is essential for naval designers to obtain a fun-
Jamental understanding and an accurate predictions
of this special class of external thick turbulent
stern flows., A series of experiments has been
conducted at David W. Tavlior Naval Ship RaD Center
to determine the unique turbulence structure and
viscous-inviscid interaction of thick axisymmetric
1,2,3,40 and simple three-dimensfonal 19,6,7! stern
flows. The Lighthill ‘8- displacement body concept
has been proven cxperimentallv to be an accurate
approach tor comput ing viscous-inviscid stern flow
interaction. The measured static pressure distri-
but fons on the hodv and across the entire boundary
lavers were predicted bv the displacement body
met hod to an accuracy within one percent of dynamic
pressure.

Neither the measured values of eddy visco-
sity nor the mixing length were found to be pro-
portional to the local displacement thickness or
the local boundary-layer thickness of the thick
axisymmetric boundary layer. The measured mixing
length of the thick stern boundary layer was
found to be proportional to the square root of
the local cross-sectlon area of the turbulence
region [9]. This simple similarity hypothesis
for the mixing length and the displacement body
concept has been incorporated into the Douglas
C-S different ial boundary-layer method {10+ by
Wang and Huang {11}, The methad predicts satis-
factorily the measured mean velocity distributions
for the boundary layer flows of five sets widelv
different axisymmetric bodv shapes and has veen
used as a reliable design tool.

Nakayama, Patel, and Landweber {12, 13-,
and Dyne {14} do not use the displacement body
method to solve the interaction problem. In all
of the methods, the flow field is divided into
an inner viscous region composed of all or part
of the flow in the body/wake domain and an outer
potential flow region. Differences arise in the
equat ions used to solve the viscous flow and the
manner of defining the inner and outer regions.
Dyne uses the integral approach of Head {15! to
calculate the boundary layer flow over the forebody.
Over the stern of the body and in the near wake,
he uses a differential approach which approximately
accounts for the curvature and normal pressure
variation effects. An important feature of his
approach {s that the boundary layer equations are
solved alcng streaml ines, which leads to a simpli-
fication in the form of the equation. Also, no
dist inction needs to be made between flow over
the body and in the wake. In the approach bv
Nakayama, Patel, and landweber, integral relations
involving conservat ion of momentum and cont inuity
are used to relate the momentum area and stream
function at the bodv-wake junction. Patel and lLee
{16} present some results for a differential
approach which jncludes all of the curvature effects.
A modified displacement-hody method based on a
simple pressure mapping has been applied to axi-
svmmetric bodies by Hoffman {17%,  The partially
parabolic flow assumpt ions have been used to
solve avisymmetric flow problems by Muraoka (18-

Tand Chen and Patel {19} and for three-dimensional

flow past surface ships by Chen and Patel 191 and
Muraoka (20}, An efficient streamline-iteration
method with a two-equat fon k- turbulence model has
been developed by Zhou {211 to compute turbulent
flow around axisvmmetric sterns.

A numerical method using a partially parabo-
lic marching technique in a streamline coordinate




system and the k-¢ turbulence model has been
developed by Hogan {22} to compute the turbulent
flow at the stern and the wake of bodies of revo-
lution. This method uses the modified Douglas

C-S method 3,11} to provide the initial conditions
at the upstream plane and the boundary conditions
at a large distances outside of the boundary

laver.

In this paper, the simple modif {cation of
the Douglas C-S computation method {10} will be
updated and summarized. Hogan's (22} partially
parabolic marching technique and the k-¢ tur-
bulence model will also be reviewed and improved.
The cross-stream pressure distributions and mean

veloc ity distributions computed by these two methods

will be compared with the experimental data.

11. Simple Viscous~Inviscid Interaction Method
for Axisymmetric Stern Flows

This method is an updated version of the
met hod described in References 3 and 11.
(-5 method 110! consists of using Keller's box
scheme to solve the following set of partial dif-
ferent fal equations expressing conservation of
momentum and cont inuity.

du du

u s + v 5;

R NI S e

ST v as T r %y [r(v 3y uwv )] 1)
%E—l(ru)+%)7(rv)=0 )

where u and v are the mean velocity components
in the s and y directions, respectively

s,y are the coordinates parallel and normal
to the body meridian, respectively,

.- is the fluid density
p is the pressure on the body
r =1, (s,n) +y cos a

ro 18 the body radlus

-1 dro)
Ay = tan (a}

x 1s the axlal distance measured from the

nose
v is the kinematlc viscosity of the fluld

u’,v’ are veloelty fluctuations In the 8 and y
directions, respectively

u v 18 the Reynolds stress

The above equations are the standard thia boun-
darv layer equations with the additlon of the
transverse curvature effect, where r replaces the
hodv radius ro. Effects due to longitudinal cur-
vature x and pressure variation across the
boundary layer are neglected.

The Reynolds stress u v 18 modeled by

2

RN Z(L. (‘_U)“
l)v i r) dy

0

for inner region,
< <
0y <y,

-y o=

The Douglas

. u'v” du LYERY
wT vy g %, (5;) for outer reglon, y. <y

00 *
Vo = 0.0168 Yo [~ (U -udy = 0.168 Ubpy, ()

Yer = [1 +5.5 (/&))"

= Klebanoff's intermittency factor

= 010 ()l - ) 59

= the mixing length in the outer region of the
thick houndary layer, §0.23r

L In 5_) ' [ - exp [- Io 1n(:_)]l *
[+ o)

= the mixing length in the inner region of
thin and thick boundary layer.

A= 26\)(;1_"') 4

6* =‘Iﬁ 1 -4 Ydy » displacement thickness
P ° [UN (planar definition)

Q‘i = 0.4¢

, damping length

boundary layer thick-
ness where u/U, =
0.995

§ = 8995

U, is the inviscid (edge) velocity used in the

thin boundary layer calculations
Ty is the wall shear stress

yo is the value of y at which vy = v,

The flow in the wake is modeled by the
following differential equation for momentum,
which is simply the boundary-layer equation with
skin friction neglected

dg 4y
8y (he2) -2 =0 5
o * () Ug dx )
where Q =[2 (1 - llj'*)‘ljj_e' rdr , momentum area
‘e,
4 u
= -4 d spl
A [o (l [_e) rdr y ?::g acement
h = A/Q , axisvmmetric

shape factor

Granville 23] proposes the following equation
relating h to U

ho= 1 +(ht-1)[1" (‘M’gl] a (6)
Tn (Uo/Up)

where the subscript t denotes conditions at the
tail and Q is a variable coefficient, for which
Granville recommends an averape valuc ot 7.

A measure of the viscous mass-flux deficit
in the thick axisymmetric boundary layer {is
def ined by

rot+sr

*
r +°¢
N ( _ 8] r
U (r) A -frn Uy (1) [1-;_:(%]rdr 1.7 0 o) varn

o
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where 1 o is the local body radius, 6r* the axi-
symmetric displacement thickness, §_ the boundary
laver thickness at which ux(r)/U,(r) = 0.995, u,
the axial viscous velocity, Uy the axial inviscid
velocity, r = r tycosn,, and uy = ucosn,-vsinag.
Thus the axisymmetric displacement thickness
defined in equation (7) becomes

* 5
T ) 2
L . 20+ Ty (8)

if the variatjon of inviscid velocity Uy (r)
doross the boundary layer is assumed negligible,
Followinyg Lighthill®s '8! der{vation, the boun-
darv laver displacement effect can be represented
by a source distribution on the surface of the
bodv with its source strength m of

i = d
2ar o m i [2 nl\llx(x,ro)]

or  mo= 1 _ d’l[(ro + ",:)- - rg]llx(x,ro)' (9)

)
2r, dx

Mo ciquivalent blowing velocity on the body is
t hen

14 *

vy - '[(rn vt - ri]Ux(x,rD)') (10)

Jry dw

The boundary laver equat {ons (1) and (2) with
the modified mixing lenagth and eddv viscosity
tor the omter region ot a thick boundary laver {9-
slven in cquatiion {3) are used to solve the mean
velosity components u and v, The axial and
radial velocity components are resolved by
e a-vsin e and Ve ® usini + veosa, respec-
tively,  The displacement bodv, the corresponding
wairee, and the blowing velocity are computed
tocnrding ta Equat ions (B)Y ) (9, and (10).

The momentum area of the far wake | can be
determined by equat ing the net rate of momentum
loss ot the flow to the total drag on the body.
e displacement area ) can be determined by
Fqnat ons (9 and (M) in terms of the conditions
oV and by opiven at o the tail and ) (b=l at x =)
it the tar wake.  In the near wake region, where

deatter the boundare laver equaat ions (1) and (2)

ot ample wake moded o cquations (5 and (6)
ste s tate g titth=devrer polvmomial is used
Gt he apstream o) downst ream displace-

Gty e ol the matehing points, X710

oo g ped L0000 However, the

tress catchidne peant pust be moved upstream
Lo wrarat ion point whenever f'ow separation
ro oo tadirine ot the displacement surface

Cotear wake o tte shorteoming of this simple
soirciacth ateraction procedure, which
coeeamam i the Tieht ot g more aceonrate

S bore o e the next sect jon,

o dtarat oon process consisting of calou-
Tatane prectaare Jdistribut ions over successive
Eeplacement bad fes ) or succes:s

Cosaree or

SUowine o bocitye dictribat jons over the original
Vol continnes unt il oa gi oon difference criterion
ooty bxperience with the prowram has <hown
that the computed pressure coefficients for the
woond and third Qe rat fons wsnally gapree to
within o 0b over most of bhe hodel Since the
resalt o creuad e converge in an oscillgtory manner,

the final solution is taken to be the average of
the values given by the last two {teratjons.
The method of using a blowing velocity distri-
but jon is used for the final potential flow
computation. The inviscid velocity components
and pressure coefficlents across the entire
thick boundary layer are then computed.

One obvious defect of the thin boundarv-laver
Equations (1) and (2) is the assumption of using
a constant pressurc across the boundarv laver tor
large values of v, where the velocity component
parallel to the body tangent is equal to
Ugcosay.  However, the computed value of u
approaches the inviscid velocity on the bodv U
instead of Uorusuo. tn the basis of a large
collect ion of stern boundarv-laver data - 3,11,
the {nviscid influences on the ¢omputed tanpen-
tial velocity u is adjusted by

©

i ul) Upeoslioma) oopr YpeosComid) gy
l"0 U(’ ”0 “u

where uy is the improved tangential velocity for a
thick boundarv laver, u/Ug = f " is the nondimen-
tional tangential velocity predicted by the thin
boundary-layer equations (1) and (2), and U, is

the free-stream velocity, T (an"‘llr(x)/Ux(x)),
Up = (lIr2+”x2)l/‘£, and Ups Uy, Uy are the total,
radial and axial Inviscid velocities calculated by
the final iteration of the potential-flow computa-
tion using the blowing velocity distribution. Equa-

tion (11) shows that near the bodv where y Ny
ty, Up lUe, and wy u. At the edge of the boundary
laver, where u/l', = i~ =1 and

Uy _ Uscos(iag-ng)
Uy Uo )

the subscript * denotes guantities at the
edge of the boundary layer. As y = Uy + U
ap 20, and up/U, * cosy,. Thus, the modified
tangent ial velocitv Uy has the proper asymptot ic
value Up costt far from the body. This simple
adjustment is an improvement over thin boundarv
layer theory where u/Uy *Ua/Uy as y ==,

’

The corrected normal velocity can be
obtained from the continuity Equation (). The
adjustment of u using formula (11 is made in the
normal y-direct fon and has little eyyect on the
variation of u in the s-direction, i.c., ru)/ s
Alru)/es. It tollows from Equat ion (2) and the
boundary condition that u=u,=v=0 at voi0.  Thus, one
finds that no adjustment of the normal veloeity v ois
required, where v is the normal velocity caleulated
by substituting u into Equation (1) and is -uch
smaller than the value oy .

The axial nd radial velocitics uoand v

) : r
Cdjusted for the thick atern boundars Yaver are
viven by

My " v

(i

o .




Yr o Vm sinug + © cosng where gﬁ =- gina, % = cosu, i‘:.: = cosu, %‘i = sind
UO ”0 UO
(13) d .
£ _li;i‘()s(ilo—«l[)sim‘o + ¥ P_e_ - a—z = ® =« and dy = rUdn = rU (cosudr-sindr)
™ Ue Uo

where £ = u/U, and v/Ug are the final solutions
of the thin boundary layer Equations (1) and (2)
using the average values of l; obtained in the
last two iterations of the viscous-inviscid
calculation., The inviscid velocity U =

Ux? + U:2)? and the inviscid flow angle ap =

tan-! (U /U) are computed from the final
potential-flow computation with the blowing velocity
distribut ion, equation (10), on the original body
surface, where U, and Ux are the inviscid radial
and axial velocities, respectively.

111. A Computation Procedure for the Parabolized
Reynolds Equations in Axisymmetric Flow
Using Streamline Coordinates and the k-

Turbulence Model

The natural coordinate system shown in Fig,
1 is one in which one coordinate s lies along
the streamline and the other two n,9 are normal
to the streamline (lLiepmann and Roshko {24}). For
axisymmetric flow, M 16 = 0 where 3/36 = 0 ¢ is in
the azimuthal direction for axisymmetric flow. In

The transformed Equations (14) and (15) in the
(x, §) coordinate system arc

)i S il_ru —.‘-7 rov. sin- ‘—l'
o r dx X

3 o

U
U cost — = - cosit —
3x KPS

il 2 U
+y 5 [r v J J_‘P] and (19)
U’2 cosi da_ sinit 3 Ie]. ru a1e E l— —?—-p—(20)
% ax [ v I Nl o on

The turbulent eddy viscosity vr in Equation
(19) is modeled by the two k-t equations
governing the interaction of the turbulence with
the mean flow. The turbulence kinetic energy is
def ined as k = i&?Q/Q. and the turbulence
energy dissipation is defined as <=\ (3uj/3xy)
(dui/3xg). It is assumed that the eddy viscosity
is determined by dimensional analysis as

the Reynolds-averape Navier-Stokes equations, the . k2
diffusion terms along the mean streamline direction VT 5 e (2n)
are usually very small and are neglected, the
Reynolds equations with such an approximation are The k-t equat ions developed by Hanjalic and
Launder {25] can be written in the (s,n) coor-
N dinate system as
R PO R -
" As r on € an
T D
PLLL IR SR Y i ] S WOV 5111 S VSR
3s r an e 3n T\ 3 3s
RPN S
il v 1 ap 15) and
.G v N
. W 1 Ww
~here i the total mean velocitv along the u i = - b
dreamline direction ¢, n is the distance normal
t o the mean streeamlines, r is the radial distance
crom the bodv axis x, p is the mean pressure,
roothe anple at the streaml ine with the x-axis, 0
“ Tt in the molecular kinemat ic viseo- -0, ;T RN
i ind g the turbulent eddy viscosity, A .
dream tanstion o defined tor axisvmmetrie
All the turbulence diffusion terms in Equat ions
A4 rbodn (1n) (22 and (23) have been neplected except the tern
(b’ = v 2y m/ s (k/ Vgl is in the turbulence
St an kil P the transformat fon of the product ion.  Hanjalic and Launder 2% recor-
cpratone o the (o) ) voordinate system can he mend the retention of this term to emphasize
Gorared watho the aid o of the tollowing the role of irrotational detormations in pro-
robationships mot iny energy transfer,  The constants O, Uy,
Cr, €3, woand o as given by Hanjalic and
o o O o O an Launder 2957 are 0,00, 1,44, 1,90, 454, 1.0, and
! ' ' . X 1.0, reapectivelv. The transformation ot the k-
equat ions (22 and (23 into the (x,i) coordinate
o I ERIEE TS . 0y i i 14y svatem has been moade by Hogan 1) using cquat ions
n woon o n i i (16Y, (17), and (18), oy,
4
e e A — PO AT A TR AN
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: here the values of %, vy, and Ju/3dy are obtained
3k Y TV, v v YTy
5 = sin n o —% sin a 3k from the final iteration of the simple viscous-
X ¥ x |7k ax inviscid interaction computations. The lower
boundary in the computation domain i{s the stream

surface { which lies along the body's surface j
sin a 3 rzve IK and along re0 in the wake. The boundary conditions -
- U= on =0 {n the wake are r=a=0, and 3U/3y=3p/dy=
LA w 3/ =2 /3k=0. The boundary conditions on the body k
(4o at =0) are rer,, U0, 1= u5 = tan-1 (dr,/dx), ’
' > and the condition for pressure provided by equation o
v e gqn o 3k ppa | F Ve oAk (20) o
3y | oy ax LI W RIM j
” s 9
P cos LN N g ST i
Y % an X an
, . I 4
*rTrL.-W_-smwt:— —— )
' Again, the assumption of ¢ = -~ u'v 3U/un is used
to obtain the boundary conditions for . and k as
est imated by equat ions (26) and (27) on the body 1
i (y = 0). However, the values of ¢ and k are not
- 1/3 k cos ¢ T - (24) taken at the wall but at a small distance from .
* the wall (usually nua/v = 50) where the inner J

region of the mixing length und eddy viscosity

. e sin ¢ o Tie Y r . .
o — = 2 L - — sin « — Y= 0.4 v -~ ’ - e [— RPN R ]}
x . x [ ix] { r” n v 1 exp Iy n ( ro)

and (28) .
)
sinoooe r:"f? v i L= 2 (1;) sH
r % : e T i r,/ 4n -
is valid.
s r i Ve | o An iterat ive numericial marching procedure has
- . s < +! ;‘, s U o been developed by Hopoan 221 to solve cquat jons (19)
! 7 ' ' (20)y, (24), and (25) within the partially parabalic
flow assumpt fon that the inconsistent pressure
ficld downstream is communicated ta the apstreaa.
. ] .1 ! s oein A The overall numerical procedure of Hopan -0 s -
re 1 ' X used here; however, the aumerical detatls tor solving
the k- cquat ions (24) and (29%) have been improved
) , in this paper.
R U T (2%)
" R IV, Numerica L_'{"ﬁ_“,l,‘ﬁ
Seocmpntat ton procedure starts at oa sta- Using the numerical procedure developed in
the bods where the boundary layer is thin Sections IT and TIT, calculations were performed
. Leamstream into the wake.,  As shown for four bodies for which experimental data were :
tiee heomdiir e conditions for the values available. These are designated as Di7SRIC axi-
poequat fons (19 and (20} over the cvmmet ric Model 1 (Hnang et ol Ty, DINSEDC
\ o and along o oevlindrical stream axisvametric Model 5 (Huang et al. % ) Model A,
o o hoandars laver/wtke are and Model B (Lyon 26,271, Table 1 liats the X
oLt raate alnes ohtained from the tollowing peometric and flow parameters tor each .
i bl interact fon computat fowes bodv: the length of the body 1, the maximom BT
[ERNE AR A The stream surface s radius of the bodv | S the npstream flow celo- oL
trhar it lies entirely outside the city 1‘0, and the bodv Revnolds number kVA Nooflow g
' Faver and wake of the tlow separat ion on the four models was measured or
s re, e calaes otk oand in predicted. The measured and comput ed mean tlow P
o andd S are cerel Furthermore characterist ics vver the sterns of the four ]
Cer v diesipat Bonbs assumed o models are shown in Figures 2 through &) In
a0 proshi tion inside the thin all cases, the wall functjons used do the k- B
Decer oot the nlet plane, e, o s u v turbulence model are taken as the values otk
e e the distritwt fons ot o oand k and + computed {rom equat ions (2h), (27) and - '_]
ot Beandars Taver can be estimated by (28) with nu,/v set equal to 50, The simple o
viscoun-invise id interact ion computat ion i« ) ]
S ADRY the comput at ion procedure outbined in Scetion 11 4
. ( ) ' ( ) [N and the method designated as the "paraboliced .
N.-S. calvalat fon™ is the numerical procedare -
af wolving the parabolized Revonolds-averaced 7 1
' Navier-Stokes equat ions using streaml ine .
B coordinates and the k- turbulence model sum- ..
' ( ;) v (“‘), o (‘“) (77v  marized in Section 111, o
T o ! o o
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Subscripts

e Value of inviscid velocity used for thin
boundary-layer/wake computation

r Radial direction
t Value at trailing edge of the body
X Axial direction

4 Value at the outer edge of the boundary
layer

T
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Figure 1 - Natural Coordinate System and Notation .
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< Coefficient of pressure = p - p,

1/2pu 2
C; Numerical constant in the k-€ model = 1.44
€5 Numerical constant in the k-t model = 1,90
C3  Numerical constant in the k-¢ model = 4.44

C,= C,, Numerical constant is the k-t
model = 0.09

k  Turbulent kinetic energy
L  Length of the body
L Mixing length

R; Mixing length in the inner region of
boundary layer defined In equation (4)

o Mixing length in the outer region of
boundary layer defined In equation (4)

n Distance measured normal to the mean
streamlines

p Mean pressure

po Upstream pressure

R Radius of curvature of a streamline

R, Reynolds number of the flow = UjL/v

r Radial distance measured from body axis

T Maximum radius of the body

max
ro, Body radius

s Distance measured along a streamline or
body mer idian

U Total mean velocity along the streamline
direction

U, TInviscid (edge) velocity used for thin
boundary layer computation

v Free-stream velocity

U Total inviscid velocity = (U2, + u? y1/2
Ur Inviscid radial velocity

Iy Inviscid axial velocity

u Mean veloclity component parallel to the
bodv meridian

w’ Turbulent velocity fn the s-directfon

Modified value of u defined in equation
(1

uy  Mean axial velocity

1
u, Friction velocity = (r,/1)?

NOTATION

*b

Ye

21

v

dk

Mean velocity component normal to the
body meridian

Turbulent velocity in the y- or n-
direction

Mean radial velocity
Turbulent velocity in the O direction

Coordinate measured along the axis of
the body measured from the nose

Beginning x-station of the partially
parabolic k-t calculations

Distance measured from the body surface
normal to the body meridian

Value of y at which vy = v, or £y = 2,
Angle of streamline with the x-axis

Angle of inviscid streamline with the
x-axis

Angle of body surface with tiie x-axis,
dy = tan™" {(dro/dx)

Klebanoff's intermittency factor defined
in equation (3)

8995 Boundary layer thickness = position
where the velocity is 99.5% of the
potential flow velocity

Radial distance of boundary layer thickness,
8¢ = Scosay,.

Axisymmetric displacement thickness defined
in equation (8)

Turbulent kinetic energy dissipation

Az imuthal angle

Longitudinal curvature

Displacement area defined in equation (7)
Molecular kinematic viscosity of the fluid
Total effective viscosity = v + vp

Inner eddy vicosity defined in equation

(3)

Muter eddy viscosity defined in equatfon
N

Turbulent eddvy viscosity

Constant fluid density

Turbulent Prandtl number used in the
k ecquation = 1,0

Turbulent Prandtl number used in the
equat ion = 1,30
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Extensive measurements of the pressure
field were made for the flows past Models 1 and
5 (Huang et al. [3,4}. Comparisons of the com-
puted with the experimental pressure fields for
the two bhodies are given in Figures 2Ze through
Je. The computed pressure profiles and the
exper imental pressure fields for Model 1 (Figure
2¢) are withlan 1.5%; for Model S (Figure 3e) the
results differ by 2%, The computed pressure
profliles agree very well with the experimental
results above the boundary-layer reglon.

The differences between the computed pressure
coefficients by the two methods are all less
than 1X outside the displacement surface and
less than 2% near the hody. This ladicates
that the simple viscous-1inviscld ianteraction
computation procedure using the displacement
body concept and the revised mixlng leagth
correctly determined the essential features of
the thick stern houndary layer. Oaly near the
very tall end of the body, the parabolized
N.-S. calculatlions are found to model the flow
better than the simple interactlon procedure
(Fig. 3b and 3¢). Chen and Patel [19] have also
obtained very good results in the tail region of
the Model 5, by their parabolized method.

The results of the turbulent kinetic energy
calculat ions for Model 1 and Model 5, together
with experimental results, are given in Figure 6.
The apgreement of the computed k with the experi-
mental data is good. These results are encouraging
and indicate that the use of the inner mixing
length with the k-t model gives a good approxima-
tion to the turbulent field. In the wake, the
agreement is satisfactory.

The measured and computed Reynolds stress
profiles, —u"v”, are presented for Model 1 and
Model 5 fn Figure 7. The agreement of the
computed results and the experimental data is also
sat isfactory for model 1. The measured values of
-u v’ for model 5 are higher than the predicted
values at X/L > 0.87.

Overall, the agreement between the measured
and calculated results is encouraging. For most
of the tlow field, the velocity, and the pressure
profiles are correctly predicted by the two
methods.  The wall pressure and shear stress
distribut ions computed by the two methods also
agrece well with the experimental data. The
measured distribut ions of turbulence kinet ic
k and Reynolds stress are satisfactorily
turbulence model

vnergy
predicted by the k- used.
V.  Conclusion

Two viscous-inviseid interact ion computa-
t ion procedures are presented.  One method solves
the parabolized Reynolds-averaged Navier-Stokes
equat ions nsing streamline coordinates and the
k- turbulence model and the other method solves
the simpler thin boundary layer equat fons using
the Lighthill displacement body concept and the
revised miving length for the thick boundary laver.
I'he tangent ial veloeities computed by the thin
houndary laver c¢quat lons are adjusted to
account for the inviscid influence in the
wimple method,  The maximum dffference in the
comput ed axial and radial velocities between the
two methods is about two percent of the free-
stream veloo ity and the maximum difference in the

computed cross-stream pressure coefficients {s
out side the displacement

Tens than one percent

surfgce and is about two percent near the hody,
nly near the very tafl end of the body are the
parabolized Navier-Stokes caleulations found to
model the flow better than the simple method.

The predict ton of surface pressure coefficients
and fr'-tion velocities, normalized axfal and
radial e.ocities and cross-stream pressure co-
efficients are in close agreement with the experi-
mental data for four models having attached flows,
Except tor the surface frictfon velocities near
the tatl end of the body, an averall agreement of
the above quantities by the two computation methods
has been obtained.  The developed simple and of -
ficient viscous-inviscid interact ion computat ion
procedure can be used as a design tool to compute
the cross=-stream velocity and pressure variat fon

racross the thick stern boundary laver for many

practical naval applications.
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TABLE 1 - FLOW AND BODY GEOMETRY PAhAHETERS

! L Tmax v R, ‘—1
(m) (m) (m/s8)

Model 1 | 3.066 [0.1398 | 30.48 | 6.60 x 106

Model 5 | 2.910 |0.1398 | 45.72 | 9.30 x 10°

Model A | 1.778 |0.1778 | 17.88 | 2.09 x 10°

Model B | 1.778 {0.1778 | 17.88 | 2.05 x 10°

The numerical results display a thickening of the
turbulent region in the stern/wake regions of the
flows. The displacement bodies diverge significantly
from the physical bodies near the stern and continue
into the wake with slowly decreasing radii. In
Figures 2a and 3a, the computed displacement body
and boundary layer thickness are compared to the
values of &* and 6 obtained from the data of

Huang et al. [3,4]. For both bodies, the

computed S* and & lie slightly below the ex-
perimental results in the stern/wake region,

but, overall, the agreement with the experiments

is goad.

The distribut ions of the frictional velo-
city ux are shown in Figures 2b, 3b, 4b and 5b
and the wall-pressure coefflicient c, are shown
in Figures 2e¢, 3¢, 4c, and 5S¢ for tﬁe four
bodies. The pressure distribution computed by
the parabolic N.-S, method for Model 1 (Figure 2¢)
has a large trough at the inflected stern. In this
reglan of the body, the surtace and the stream-
lines near the surface have a marked chaage In
curvature. As the streamlines change curvature
from convex to concave, the pressure gradient
changes from adverse to favorable. Following the
concave part of the stern, the streamline cur-
vature becomes convex agaln, with a corresponding
rise ln the pressure on the wall., The computed
wall shear stress, gliven by pu,”, drops rapldly
in the adverse pressure gradient region of the flow.
Accompanying the sharp drop in the wall pressure,
the wall shear stress rises steeply. With the
final change of curvature of the streamlines at
the tail, u, drops almost to zero. The computed
pressure distribution agrees well with the
experimental data, having a maximum pergcntage
ditference of 17 of the total head ,U /2,
However, the computed uy distribut ion hy the

parabolized method reaches a smaller value than the
caperinental data near the tail of the stern, being
D57 under the experimental values at x/1 - 0,97,
e computed ay and e distributions for Model 5
Ccures 3hoand 3e) display the same tvpe of
Pebavior as exhibited for Model 1, Fxcept the com-
puted vy distribution by the simple method has o

Bivher value than the experimental data for x/1
GLudL o Yor Medel 50 the apreement with the experi-
rental data is peod for both the wall frict fonal
velocity and the wall pressure coefficient, As is
veident by the steep drop in uy in the adverse
pressure gradient regfon of the flow, the flow about
this bodv is verv near to separation at x/I, =

H.93, The computed u, and wall ¢y for flow past
Model A are given in Figures 3Ib and Jc. As

opposed to Afterbodies | and 5, the stern of Model
A is not inflected. Therefore, over the aft region
af the hody, the pressure gradient remains adverse
up to the tafl of the bodv and u, steaaily decreases
to zero. The computed wall pressure distributjon

,11es slightly above the experimental pressure
distribut jons of less than 3% at x/L = 0.95. The
shape of Model B is characterized by a sharply
sloping stern region (Figures Sa, 5b, and S5¢).

The values of the surface angles near 90%t the stern
caused some numerical difficulty for the parabolized
N.-S. computer code, However, good agreement

of the computed wall pressure with the experi-
mental data is obtained, with a maximum dif-

ference of less than 4% occurring at x/L = 0,95
(Figure 5c). The sharp decrease in uy

indicates that the flow is nearing separation

as the body sharply turns downward at the tail
(Figure 5b), The differences between the com-

puted values of u, and c; by the parabolized

N.~S. code and the simple viscous-inviscid interac-
tion code are generally small except near the

tail end of the stern.

Figures 2d, 3d, 4d, and 5d present
detailed comparisons of the computed velocity
fields to the experimental results for the four
bodies. In Figure 2d, the computed velocity
profiles show remarkable agreement with the
exper imental data for Model 1 up to the tall of
the body. The computed velocities near the
tail and in the wake are also in good agreement
with the experimental results (Figure 2d). The
largest discrepancy occurs immediately behind
the body (x/L = 1.0076). Farther into the wake,
the agreement with experiment is very good, as
is evident by the profiles at x/IL = 1,1820.
Computed and experimental velocity profiles for
Model 5 are presented in Figure 3d. The
overall agreement with the experimental data
is good. Figures 4d and 5d present the total
velocity profiles for the flows past Models A
and B, The agreement of the computed velocity
fields with the experimental velocitles s very
good with a maximum difference of less than 27,
Detailed comparisons of the parabolized N.-S.
calculat fons and the simple viscous-inviscid
Interact {on computations for the four bodies
are shown in Figures 2 through 5. For Model [
(Figures 2b and 2r), the u, and c¢p distributions
are In general agreement up to x/1. = 0,95, The
simple method does not predict as steep a drop
in u, at the concave part of the bodv as do the
parabolized N.-S. calculations. Tn addition,
there {s no trough at the stern in the pressure
distribut ion computed by the simple method (Tipure
2¢).  The velocity profiles computed for Model 1
(Figure 2d) from the two methods are conuistent .
For Model 5, the parabolized N.-S. caleulat jon
correctly predicts the steep drop in u, and the
pressure trough near the tafl end of the stern
(Figure 3b), The velocity profile comparisons
for Model 5 (Figure 3d) demonstrate again the
agreement of the two methods (within 27) ., The
calculations for u, and ¢y for Model A (Figures
4b and 4c) demonstrate that the caleulat jons aprec
up to the tail of the body. At the tafl, the par-
tially parabolic N.-S. cafeulation of the uy dis-
tribut ion drops rapidly to zero as opposed to the
simple method which shows a slight upturn. Roth
pressure distribut fons turn downward at the tail,
with the parabolized N.-S. pressure distribut jon
reaching a slightly higher maximum. The comput cd
velocity profiles for Model A (Figure 4d) are again
consistent . The comparisons of s, Cpe and veloce ity
for Model B (Figures Sb and 5d) show the same
behavior as demonstrated for Model A,
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